The second generation of penicillins (including methicillin) was introduced to the clinic in 1959, and by 1961 strains of methicillinresistant Staphylococcus aureus (MRSA) had emerged. 1 -Lactam antibiotics were the standard treatment for staphylococcal infections prior to the emergence of MRSA. MRSA is now a global health threat, 2 and community-acquired MRSA has become a significant challenge in the clinic. 2 -Lactams, which include penicillins, cephalosporins, and carbapenems, target the transpeptidase activity of penicillin-binding proteins (PBPs) involved in cell wall biosynthesis. The molecular basis for resistance to -lactams in MRSA is complex and a full discussion is outside of the scope of this report; however, the key component is the presence in MRSA isolates of a gene, mecA, absent in methicillin susceptible strains, which encodes a novel PBP (PBP 2a). [3] [4] [5] Whereas other S. aureus PBP transpeptidases are susceptible to inhibition by -lactams, the strains that possess PBP 2a are able to perform the critical cell wall cross-linking reaction even in the presence of -lactam antibiotics. 3, 6, 7 PBP 2a escapes inhibition by -lactams because they fail to readily gain access to the active site of this enzyme.
The crystal structure of PBP 2a reveals it to have a closed active site. 8 This is a paradox, as the enzyme must bind to the peptidoglycan to carry out the cross-linking reaction. We previously disclosed that the two strands of peptidoglycan occupy in excess of 1000 Å 3 of volume, 9 hence the X-ray structure does not reveal how peptidoglycan could bind the active site. We presented evidence that interactions of PBP 2a with the peptidoglycan at an allosteric site trigger a conformational change that leads to accessibility to the active site, an event that should play a critical role in the physiological function of this important enzyme. 10, 11 In this report we characterize the mode of action of two new anti-MRSA -lactam antibiotics from Cerexa, Inc., ceftaroline (CPT) a cephalosporin and ME1036 (ME) a carbapenem, which are currently undergoing clinical trials. Both compounds are broadspectrum antibiotics, but their activities against MRSA and multidrug resistant streptococci are especially noteworthy. In contrast to the commercially available -lactam antibiotics, CPT and ME are exquisite inhibitors of PBP 2a of MRSA.
The backbone of the peptidoglycan is made up of repeating units of N-acetylglucosamine (NAG) and N-acetylmuramic acid (NAM). A peptide stemsterminating with two D-Ala residues and typically a pentapeptidesis appended to the NAM unit. Compound 1 is a synthetic surrogate for the repeat unit of the peptidoglycan, whose synthesis was reported recently. 12 The penultimate D-Ala residue of the peptidoglycan acylates an active site serine in PBP 2a resulting in an acyl-enzyme species, with concomitant departure of the terminal D-Ala as the leaving group. This acyl-enzyme species reacts with the second strand of peptidoglycan in the course of the cross-linking reaction. A similar two-step process is invoked for inhibition of transpeptidases by -lactam antibiotics (eq 1). The -lactam antibiotic mimics the terminal acyl-D-Ala-D-Ala of the peptidoglycan and forms a noncovalent complex (EI) with the enzyme, which leads to the acylation of the active site serine (E-I). The acyl-enzyme species enjoys extreme longevity, hence it inhibits the PBP irreversibly. In some instances, the E-I complex undergoes deacylation, but the rate of such deacylation is sufficiently slow that the bacterium is deprived of the enzyme function and dies. 7, 13 
As indicated earlier, PBP 2a is not effectively inhibited by the commercially available -lactams. This is reflected by dissociation constants (K S ) in the high micromolar range as shown for nitrocefin (a cephalosporin) and imipenem (a carbapenem) (Table 1) , among others. 7 The acylation proceeds slowly (k 2 ), and the acyl-enzyme species in each case does undergo deacylation, albeit very slowly. The second-order rate constants for the encounter between PBP 2a and these two antibiotics (k 2 /K S ) are <20 M -1 s -1 , indicating a very inefficient reaction, as has been observed with other -lactams. 7 In contrast, CPT and ME exhibit K S values as much as 3 orders of magnitude smaller and somewhat larger k 2 , compared to nitrocefin and imipenem. The k 2 /K S for these antibiotics was >10 4 M -1 s -1 , indicating efficient formation of the inhibitory acyl-enzyme intermediate. Additionally, we were not able to detect any deacylation of the CPT or ME acyl-enzyme species, while monitoring for four days. Previously it was reported that upon acylation by antibiotics PBP 2a precipitates, 13 or alternatively an oligomerization of the acylated protein could explain the sheltering of the acyl-enzyme species to impart longevity. Neither of these two possibilities is applicable in the cases of CPT or ME binding to PBP 2a, as detailed in Supporting Information. These antibiotics bind with high affinity to PBP 2a and inhibit its activity, thus disrupting cell wall biosynthesis.
Compound 1 is a minimal surrogate for the bacterial cell wall. The lysine in S. aureus cell wall is modified on the side chain by a pentaglycyl moiety. We intentionally left the pentaglycyl moiety out of the structure, so it would not serve as a substrate for the enzyme. We have documented that compound 1 binds in a saturable manner to the allosteric site in PBP 2a with the dissociation constant of 1.2 ( 0.2 mM. 10 As the amounts of compound 1 increases in the assay mixture, the values for k 2 increase and the values for K S decrease ( Table 1 ). The consequence is enhancement of k 2 /K S in the presence of increasing amounts of the cell wall surrogate. These observations are consistent with interactions of the cell wall surrogate at the allosteric site to stimulate the opening of the active site. We see this trend consistently for all four -lactam antibiotics.
It is evident that the cell wall surrogate enhances the ability of the antibiotics to inhibit PBP 2a. It is likely that in the course of active bacterial growth, CPT and ME are able to co-opt the allosteric site, thus facilitating subsequent interaction of the inhibitors at the transpeptidase active site of PBP 2a, since k 2 /K S approaches the clinically useful value of 10 4 -10 5 M -1 s -1 under conditions that the allosteric site is triggered. We hasten to add that a direct competition experiment between the cell wall surrogate and the antibiotics was not performed.
Binding of the cell wall at the allosteric site entails a conformational change that opens up the active site. 10 We document by circular dichroism (CD) spectra of PBP 2a in the presence of CPT and ME that a similar conformational change is discernible (Supporting Information). The change in the helicity of the protein as measured from the CD minima at 208 and 222 nm were monitored as a function of time, from which the observed firstorder rate constants (k obs ) of 0.015 ( 0.004 and 0.006 ( 0.001 s -1 , respectively for antibiotics CPT and ME, were evaluated. We note that these values are comparable to the k 2 values for CPT and ME in the absence of the cell wall surrogate (Table 1) , hence the conformational change is a likely precursor to the active site acylation, an event that these antibiotics would appear to be able to trigger by themselves. This process is rapid with CPT and ME, and not seen with typical known -lactam antibiotics. 7 Hence, these antibiotics both trigger the allosteric site by themselves as well as work in concert with cell wall in inhibiting PBP 2a.
Ceftaroline and ME1036 are broad-spectrum anti-MRSA antibiotics. 14, 15 We have confirmed the antimicrobial activities of CPT and ME with strains from our own collection (Supporting Information), including S. aureus isolates ATCC 29213 (Clinical and Laboratory Standards Institute (CLSI) susceptible standard), vancomycin-resistant MRSA clinical isolates VRS1 and VRS2, and linezolid-resistant MRSA isolates NRS119 and NRS120. Linezolid and vancomycin are commonly used in treatment of MRSA infections, although documented resistance to these agents is worrisome. CPT and ME were exquisitely active against these problematic strains with minimum inhibitory concentrations (MIC) of 0.25-2 µg/mL (Supporting Information). 
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